Introduction {#Sec1}
============

The extraction of the pitch of a complex sound is one of the most important functions performed by the auditory system. Pitch conveys melody in music and prosodic information in speech and provides one of the most powerful cues to the perceptual segregation of competing sounds (Darwin and Carlyon [@CR7]). It is perhaps not surprising, therefore, that there is ongoing interest not only in the stimulus parameters that dominate pitch judgments but also in the neural processes that are important for pitch perception. A number of recent studies have provided evidence for a neural representation of pitch in the auditory cortex (Patterson et al. [@CR41]; Penagos et al. [@CR42]; Bendor and Wang [@CR1]; but see Hall and Plack [@CR21], [@CR22]; Garcia et al. [@CR13]). However, these cortical measures may simply reflect processing that occurs at earlier stages, and several researchers have investigated the representation of pitch in the auditory brainstem (Smith et al. [@CR49]; Greenberg et al. [@CR19]; Galbraith [@CR9]; Galbraith and Doan [@CR11]; Krishnan [@CR24], [@CR25]; Krishnan et al. [@CR27], [@CR28]; Musacchia et al. [@CR38]; Wile and Balaban [@CR53]; Wong et al. [@CR54]; Song et al. [@CR50]; Skoe and Kraus [@CR47]). Of particular interest here is the noninvasive measure known as the frequency following response (FFR), which can be obtained using electrodes attached to the scalp of human participants. The FFR reflects sustained synchronous phase-locked activity in a population of neurons that phase-lock to stimulus-related periodicities (Marsh et al. [@CR31]; Smith et al. [@CR48]; Glaser et al. [@CR15]). The anatomical generators contributing to the FFR are often determined from the latency of the FFR, and the contribution of possible anatomical generators to the observed FFR seems to depend on the electrode configuration, i.e., it is very likely affected by the strength and orientation of the generated electrical field relative to the electrode configuration (e.g., Galbraith [@CR9]; for an overview, see Krishnan [@CR25]). Here, we are concerned with the FFR of a latency between 6 and 10 ms (Smith et al. [@CR48]; Glaser et al. [@CR15]; Skoe and Kraus [@CR47]), suggesting a generation site at the level of the inferior colliculus (IC) or lateral lemniscus (LL).

Greenberg and colleagues (Greenberg et al. [@CR18]; Smith et al. [@CR49]; Greenberg et al. [@CR19]) were among the first to argue that the FFR reflects the neural representation of the pitch of complex sounds in the upper auditory brainstem. They recorded the FFR to a complex tone in which the fundamental frequency (*F* ~0~) was absent and showed that the frequency spectrum of the response contained a component at this missing *F* ~0~, which persisted even in the presence of a low-pass noise. This mirrored the well-known behavioral finding that listeners hear a missing *F* ~0~ (residue pitch or low pitch) even in the presence of a noise that would have masked any distortion product corresponding to that frequency (Licklider [@CR29]). They also showed that the phase sensitivity of the FFR depended on the harmonic numbers of the component frequencies present, in a manner similar to that observed with pitch judgments. Furthermore, they recorded the FFR in response to frequency-shifted complexes, where all components have been shifted by a fixed amount in Hertz re their harmonic frequency values, and calculated the mean of 7--12 estimates of the time interval between negative peaks in the FFR. They argued that this short-term characteristic of the FFR reflected the ambiguous pitches that listeners report for such stimuli. Subsequent experiments on the FFR evoked by tones with a missing fundamental (Galbraith [@CR9]) and by frequency-shifted complexes (Wile and Balaban [@CR53]) led to broadly similar conclusions.

Interest in brainstem responses to complex sounds, such as the FFR and the more generic "complex ABR" ("cABR"; for a review, see Skoe and Kraus [@CR47]) has been reignited by evidence that the responses can be modified by experience and may be degraded in some clinical populations. For example, Krishnan et al. ([@CR28]) showed that the representation of the pitch contours that code lexical contrasts in Mandarin Chinese is more accurate in native speakers of that language than in monolingual English speakers. More recently, Carcagno and Plack ([@CR3]) showed that *F* ~0~ discrimination training could enhance FFR strength in response to band-pass-filtered harmonic complexes; phase locking to the envelope was enhanced by training. Clinical applications of the FFR (or cABR) are suggested by findings by Kraus and colleagues that it can be degraded for children with language impairments (e.g., Russo et al. [@CR44]).

Although the FFR clearly reflects temporal information that the auditory system could use to estimate pitch, an important question remains. Specifically, it is not known whether the FFR reflects neural processes that are involved in the extraction of pitch or whether it simply reflects the neural representation of sounds in the auditory periphery. This issue is important not only for theories of pitch perception but also for accounts of neural plasticity and of language impairments; if the FFR is enhanced by training and degraded by a clinical condition, does this reflect an influence on pitch processing or on more general (and possibly peripheral) temporal representations of sound? Despite the importance of this distinction, it is rarely addressed, with most studies referring to effects on pitch "encoding" at the brainstem level, although sometimes stronger statements are made to the effect that the brainstem "extracts" pitch (Russo et al. [@CR44]) or that the FFR reflects "voice pitch processing" (Krishnan et al. [@CR28]). On the other hand, a recent study of the effects of harmonic number on the periodicity strength of the FFR (quantified as the height of the first prominent peak in the autocorrelation function) in response to complex tones (Krishnan and Plack [@CR26]) showed that although the dependence of FFR periodicity strength on harmonic number and component phase was similar to that reported for perceptual pitch strength, a similar pattern of results was observed using a model of the auditory nerve (AN) response to these sounds. The authors interpreted their results as evidence that the FFR "preserved" sensory-level pitch information.

Here, we addressed this issue using two approaches. In the first, we measured the FFR to frequency-shifted harmonic complexes and compared the results both to the behavioral pitch-matching responses reported in the literature and to the output of a model of the AN response to the same stimuli. We conclude that temporal information that could account for the reported perceptual pitch shifts is indeed preserved in the FFR, but that a similar representation is likely to be present at the level of the AN. Second, we measured the FFR to three-component complexes consisting of the second, third, and fourth harmonics of a missing *F* ~0~. When all components were presented to the same ear, the magnitude spectrum of the FFR showed a peak corresponding to the "missing" *F* ~0~. However, when the second and fourth harmonics were presented to one ear and the third harmonic was presented to the other, the same pitch was perceived but no such peak was observed. A similar distinction was found in the ACFs of the FFR in these two conditions; the ACF of the FFR obtained for dichotic presentation of the harmonics was dissimilar to that obtained for monaural presentation, and it did not reflect the pitch. Hence, our results revealed no evidence that the FFR reflects the extraction of a pitch from components presented to opposite ears. Overall, we conclude that the FFR reflects a low-pass-filtered "preservation" of neural responses occurring at earlier stages of processing, but does not reflect pitch processing per se.

Experiment 1: frequency-shifted complex tones {#Sec2}
=============================================

Rationale {#Sec3}
---------

Greenberg et al. ([@CR19]) pointed out that the relation between FFR and residue pitch would be cast into doubt if the FFR were simply synchronized to the envelope modulation pattern of tone complexes. Frequency-shifted complex tones, where all components have been shifted by a constant amount in Hertz up or down from their harmonic frequency value, provide an opportunity to test the relation between FFR and pitch. For a frequency-shifted complex, the envelope repetition rate is identical to that of the harmonic complex, but the pitch of the two complexes differs; the pitch change is proportional to the frequency shift and depends on the lowest harmonic present in the complex (de Boer [@CR8]; Schouten et al. [@CR45]; Patterson [@CR39]; Patterson and Wightman [@CR40]; Moore and Moore [@CR37]). Human pitch matches to frequency-shifted complex tones are relatively well described by a slightly modified version of de Boer's ([@CR8]) rule, or what has been called by Schouten et al. ([@CR45]) the "first effect of pitch shift" (Patterson [@CR39]; Wile and Balaban [@CR53]):$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \Delta p = \Delta f/n $$\end{document}$$where Δ*p* corresponds to the pitch shift, Δ*f* corresponds to the frequency shift of each component, and *n* corresponds to the second lowest harmonic number present in the complex. If the FFR for complex tones is determined only/mainly by the envelope of the complex, then the FFRs for a harmonic complex and for a frequency-shifted complex would be the same, and thus, FFR would not bear information related to pitch. In spite of the fact that frequency-shifted complex tones provide an opportunity to disentangle envelope-related and pitch-related aspects of the FFR, there seem to be only two published studies actually measuring the FFR for frequency-shifted complexes.

The first, by Greenberg et al. ([@CR19]), used three-component complex tones that were either harmonic or shifted up/down by 50% of the 244-Hz *F* ~0~. Stimuli were presented in alternating polarity, i.e., successive stimuli were presented alternately in the original waveform polarity and in the inverted waveform polarity. Analysis of time intervals between peaks in the FFR waveform showed a difference between interval values for harmonic and frequency-shifted stimuli; the values for the latter were shifted in the directions of periods corresponding to expected (ambiguous) pitch shifts for both subjects tested. Spectral analysis of the FFR made use of a technique for isolating activity phase-locked to particular stimulus frequencies, originally developed by Goblick and Pfeiffer ([@CR16]). First, the FFR waveforms were averaged separately across those trials where the stimulus was played in its original polarity and those where it was played in inverted polarity. Subtraction of the averaged inverted waveform from the averaged original waveform results in a "subtraction waveform" in which envelope-related components of the FFR are minimized (canceled) while the component of the FFR that is phase-locked to the signal frequencies (the temporal fine structure) is enhanced. Conversely, adding the two averaged FFR waveforms, measured for original and inverted polarity stimuli, results in an "addition waveform" in which contributions from neural activity that is related to the stimulus envelope (that is not inverted in phase when the stimulus waveform is inverted) are enhanced while contributions from neural activity phase-locked to the stimulus frequencies are minimized. The results of the spectral analysis showed that the addition waveform was dominated by a large peak at 244 Hz, as expected. Importantly, the subtraction waveform showed a spectral peak at 280 Hz (see Fig. 8 of Greenberg et al. [@CR19]) in addition to peaks corresponding to component frequencies. This frequency (280 Hz) is close to one of the pitches often matched to that stimulus (de Boer [@CR8]; Patterson [@CR39]). The presence of a spectral peak in the FFR at a matched pitch is potentially very important as it would indicate pitch extraction at (or before) the site of FFR generation. Unfortunately, Greenberg et al. ([@CR19]) tested only two subjects in that study and showed the spectral analysis of the FFR subtraction waveform for only one subject and for only one out of the three frequency-shifted complexes that were used.

The second study measuring the FFR for frequency-shifted complexes was conducted by Wile and Balaban ([@CR53]). They did not find a peak in the FFR subtraction waveform corresponding to a matched pitch. However, they used a 300-Hz-wide narrowband noise masker centered at *F* ~0~ (300 Hz) in order to mask distortion products (the objective of their study was different from the one here; see below). This noise, which had a spectrum level 10 dB below the level of individual primary tones, might also have masked a spectral component in the FFR corresponding to the pitch of the frequency-shifted complex (the frequency shifts corresponded to a maximum of 16.7% of the *F* ~0~). In contrast to Greenberg et al. ([@CR19]), Wile and Balaban ([@CR53]) did not analyze individual intervals in the FFR waveform, nor calculate the ACF for the FFR subtraction waveform.

The main objective of the first experiment was to test whether we could replicate the finding of Greenberg et al. ([@CR19]) of a spectral peak in the FFR subtraction waveform corresponding to a possible pitch match for the frequency-shifted complex tone. In order to maximize the chances of observing such a peak, we did not use a masking noise to mask the distortion product as this could also mask a (potential) spectral peak at a possible pitch match. The second objective was to analyze the temporal characteristics of the FFR (via the ACF), and to compare pitch predictions based on this with predictions based on the output of an AN model (Meddis and Hewitt [@CR32]), in order to assess potential additional processing at the level of the FFR.

Methods {#Sec4}
-------

The stimuli were nearly identical to the ones used by Greenberg et al. ([@CR19]). They were three-component complexes, all "derived" from a harmonic complex with an *F* ~0~ of 244 Hz.

Two of the complex tones were harmonic: the first contained harmonics 2--4 and the second contained harmonics 3--5. Three of the complex tones were frequency-shifted complexes; all components (either harmonics 2--4 or harmonics 3--5) were shifted by the same amount in Hertz away from their nominal (harmonic) frequency values. The amounts of frequency shift applied to each harmonic were 122 and 61 Hz in experiments 1A and 1B, respectively. All conditions were tested for all subjects. Stimulus duration was 100 ms, including 5-ms raised-cosine onset and offset ramps. The relative starting phases of the components were 0°, 120°, and 240° for the bottom, middle, and top components, respectively. Note, however, that for harmonics with low harmonic number (rank) that are resolved by the peripheral auditory system, the starting phases do not affect the salience of pitch (Moore [@CR35]; Moore and Gockel [@CR36]) and do not correlate with the size of the FFR (Greenberg et al. [@CR19]). Stimuli were presented in quiet, at a level of 70 dB SPL per component, with alternating polarity. The stimuli were generated with 16-bit resolution and a sampling rate of 40 kHz. They were played out through the digital-to-analog converter included in the evoked potentials acquisition system (Intelligent Hearing Systems--SmartEP) and presented binaurally through mu-metal-shielded Etymotic Research ER2 insert earphones, which have a flat frequency response at the human eardrum.

Five subjects (three females) participated. They ranged in age between 18 and 35 years. They all had normal hearing for both ears with pure tone absolute thresholds below 20 dB HL at octave frequencies from 250 to 4,000 Hz. Two of them had some musical training and the others did not. The five subjects were selected from a pool of ten subjects on the basis of initial FFR measurements for pure tones and other complex tones, where they were found to have robust FFR responses, i.e., clear peaks were observed in the magnitude spectrum of the FFR at stimulus frequencies for moderate sound levels. Informed consent was obtained from all subjects. This study was carried out in accordance with the UK regulations governing biomedical research and was approved by the Cambridge Psychology Research Ethics Committee.

Subjects reclined comfortably (in a reclining chair) in a double-walled electrically shielded sound-attenuating booth. They were instructed to relax and to refrain from moving as much as possible during sound presentation and recording. They were allowed to fall asleep. The FFR was recorded differentially between gold-plated scalp electrodes positioned at the midline of the forehead at the hairline (+, Fz) and the seventh cervical vertebra (−, C7). A third electrode placed on the mid-forehead (Fpz) served as the common ground. For this "vertical" electrode montage, the FFR is assumed to reflect sustained phase-locked neural activity from rostral generators in the brainstem (IC, LL; Marsh et al. [@CR31]; Smith et al. [@CR48]; Glaser et al. [@CR15]; Galbraith [@CR9]; Krishnan [@CR25]). Electrode impedances were \<1 kΩ for all recordings. The FFR signal was recorded with a sampling period of 0.075 ms, band-pass-filtered from 50 to 3,000 Hz, and amplified by a factor of 100,000. Epochs with voltage changes exceeding 31 μV were automatically discarded and the trial repeated. Stimulus polarity alternated for each presentation, and alternate polarity sweeps were recorded and averaged in separate data buffers by the SmartEP system. The stimuli were played with a repetition rate of 3.57 per second, in blocks of 2,500 (valid) trials. Two blocks were run for each stimulus, in randomized order across stimuli. The overall duration of a session, including electrode placement and breaks, was about 3 h. Control recordings in which all of the same procedures were followed but with the tubes of the insert earphones blocked resulted in no signal energy above the noise floor at stimulus component, envelope, or distortion product frequencies in the subtraction waveform of the FFR.

Off-line processing was done using MATLAB (The Mathworks, Natick, MA). First, the averaged FFR response for original polarity and for inverted polarity stimuli were either added or subtracted and the result divided by 2, for each subject and condition. The resulting waveform was high-pass- and low-pass-filtered at 150 and 2,000 Hz (eighth-order digital Butterworth filter; 3-dB down cutoff frequencies), respectively. Further analysis was restricted to the time range from 12 to 100 ms after stimulus onset. For spectral analysis, the 88-ms waveform was zero-padded symmetrically to make up a 1-s signal, and the magnitude spectrum was calculated via a discrete Fourier transform. The magnitude spectrum is specified in decibels re 0.01 μV. The averaged magnitude spectrum across subjects was calculated for each condition by averaging across subjects' spectra. ACFs were calculated for each subject and condition for the 12--100 ms section of the FFR waveforms using the MATLAB function "xcorr," with normalization such that the maximum autocorrelation value obtained at lag zero equaled 1, and was then averaged across subjects. Averages across subjects' individual magnitude spectra and ACFs were calculated rather than averages across subjects' FFR waveforms to avoid jitter issues arising from possible differences in onset delay of the FFR between subjects.

Experiment 1A: frequency shifts of 50% of the *F*~0~ {#Sec5}
----------------------------------------------------

### Stimuli {#Sec6}

The two harmonic complexes contained either harmonics 2--4 or harmonics 3--5 of a 244-Hz *F* ~0~. The three frequency-shifted tones contained (1) harmonics 2--4 (of a 244-Hz *F* ~0~) shifted down by 122 Hz, resulting in partials at 366, 610, and 854 Hz; (2) harmonics 2--4 shifted up by 122 Hz, resulting in partials at 610, 854, and 1,098 Hz; and (3) harmonics 3--5 shifted up by 122 Hz, resulting in partials at 854, 1,098, and 1,342 Hz.

### Results and discussion {#Sec7}

The latency of the unprocessed FFRs was about 9 ms, estimated visually as the time point relative to stimulus onset of the first occurrence of a major amplitude excursion followed by a regular pattern in the FFR traces. This is in good agreement with the range of latencies reported in the literature for FFRs or cABRs (Glaser et al. [@CR15]; Skoe and Kraus [@CR47]) and is consistent with a generation site at the level of the IC or LL.

The averaged magnitude spectra of the FFRs for the five conditions are shown in Figure [1](#Fig1){ref-type="fig"}. The blue dashed line and the red solid line indicate the spectra for the addition and the subtraction waveform, respectively. The addition spectra show peaks at/close to the envelope rate (244 Hz) and its integer multiples for all conditions, irrespective of whether the complex is harmonic (panels A and B, top) or shifted in frequency (panels C--E). This would be expected if the FFR partly reflects neural phase locking related to the envelope of the stimulus as the period of the envelope of all tone complexes was constant. The finding also agrees with that of Greenberg et al. ([@CR19]) for a frequency-shifted complex, and with many other studies using harmonic (non-shifted) tone complexes, where a major spectral peak at *F* ~0~ (corresponding to the pitch) was observed.FIG. 1.Magnitude spectra of FFRs for all conditions of experiment 1A, averaged across five subjects, for FFR traces with the two polarities added (*blue dashed line*) or subtracted (*red solid line*). **A** Harmonic complex tone with *F* ~0~ of 244 Hz, containing harmonics 2 + 3 + 4. **B** As **A**, but containing harmonics 3 + 4 + 5. **C** Frequency-shifted complex tone where harmonics 2 + 3 + 4 of a 244-Hz *F* ~0~ have been shifted up by 122 Hz. **D** As **C**, but with harmonics 3 + 4 + 5 shifted up. **E** As **C**, but with harmonics shifted down by 122 Hz.

The major interest in this study was whether the spectra of the subtraction waveforms would show peaks at possible pitch matches for the frequency-shifted complexes. According to Eq. [1](#Equ1){ref-type=""}, pitch matches for our frequency-shifted complexes would be close to either 203 or 305 Hz for the condition plotted in Figure [1](#Fig1){ref-type="fig"}E as this stimulus can be regarded either as harmonics 2--4 shifted down by 122 Hz or as harmonics 1--3 shifted up by 122 Hz. Similarly, for the condition plotted in Figure [1C](#Fig1){ref-type="fig"}, pitch matches would be close to 214 or 285 Hz as this complex corresponds to harmonics 3--5 shifted down and to harmonics 2--4 shifted up by 122 Hz. Lastly, for the complex containing harmonics 3--5 shifted upwards (panel D), pitch matches close to 220 or 275 Hz would be expected. The spectra for the subtraction waveforms show peaks at/close to the individual frequencies of partials present in the stimulus (indicated by the red arrows) and to cubic distortion products (2*F* ~1~ − *F* ~2~, 2*F* ~3~ − *F* ~2~, 2*F* ~1~ − *F* ~3~, 2*F* ~3~ − *F* ~1~). However, a spectral peak corresponding to a possible pitch match was not observed for any of the frequency-shifted tones. This was also true when subtraction waveforms from individual subjects were inspected. Our data show no evidence for a spectral peak in the subtraction waveform of the FFR corresponding to a possible pitch match for harmonics 3--5 shifted up by 122 Hz (panel D), which was the condition for which Greenberg et al. ([@CR19]) did report such a peak for the data of one subject. The reason for the discrepancy across studies is unclear. It may be that the subject tested by Greenberg et al. ([@CR19]) was unusual; however, it seems more likely that the spectral peak at 280 Hz observed by these authors was just a coincidence as the noise level of the FFR in this frequency region was generally high (see their Fig. 8).

It should be noted that while the absence of a peak at a given frequency in the magnitude spectrum of the FFR does imply that there is no substantial phase locking to that frequency, the opposite does not necessarily hold. For example, even if an assembly of neurons phase lock to a pure tone, one would expect peaks at higher harmonic frequencies in the magnitude spectrum of the FFR due to nonlinearities, such as half-wave rectification, in the response generation. Similarly, although the presence of a peak at 2*F* ~1~ − *F* ~2~ in the spectrum of the subtraction waveform *can* be the consequence of phase locking to that frequency due to the propagation of this distortion product to its characteristic frequency place on the basilar membrane, this is not necessarily the case. Instead, a single population of neurons may respond to the combined stimulus, with any nonlinearities in the response generation leading to a peak at a distortion product frequency in the spectrum of the FFR.

Figure [2](#Fig2){ref-type="fig"} shows the averaged ACFs of the FFRs for the five conditions. The ACFs of the addition waveforms (blue dashed line) are similar for all conditions, except for a slight reduction in peak height for complexes containing harmonics 3--5 (panels B and D) in comparison to those containing partials with lower frequencies. All conditions result in a maximum peak at/close to the lag that corresponds to the period of the envelope (4.1 ms). For the subtraction waveform (red solid line), the peak with maximum height (indicated by red arrows) is at/close to the lag corresponding to the period of a 244-Hz *F* ~0~ for the harmonic complexes, but is at twice this lag (corresponding to 122 Hz) for the frequency-shifted complexes. Thus, for the shifted complexes, the highest peak in the ACF of the subtraction waveform corresponds to the true *F* ~0~ rather than to a possible pitch match. It should be noted, however, that smaller peaks closer to possible pitch matches are visible near the "244-Hz peak" (in the addition waveform), especially for the upward-shifted harmonics in the 3--5 complex (panel D), indicating some but less strong periodicities in the FFR at these smaller lags (higher frequencies).FIG. 2.ACFs of FFRs for all conditions of experiment 1A, averaged across five subjects, for FFR traces with the two polarities added (*blue dashed line*) or subtracted (*red solid line*). **A**--**E** as **A**--**E** in Figure [1](#Fig1){ref-type="fig"}.

Because the true *F* ~0~ of 122 Hz of the frequency-shifted complexes is on average only about an octave below the expected pitch matches, it could be argued that (some) listeners might perceive a pitch of 122 Hz. That is, a frequency shift of 50% of the 244-Hz *F* ~0~ leads to another "plausible" pitch corresponding to the *F* ~0~ of a complex tone containing only odd harmonics of a 122-Hz *F* ~0~. For smaller frequency shifts, the true *F* ~0~ of the shifted complex is reduced and the partials correspond to higher harmonic numbers of the true *F* ~0~, making it much less likely that listeners perceive a pitch corresponding to the true *F* ~0~. Because of this, it was decided to repeat the experiment, but for smaller frequency shifts. Another reason to repeat the experiment, but with lower frequency values for the highest shifted harmonics, was that the ACF for the subtraction waveform of the upward-shifted harmonics in the 3--5 complex (panel D) did not show very strong periodicities, with a maximum correlation coefficient of about 0.33. This was most likely due to the low-pass characteristic of the FFR, generally observed in the FFR literature (Krishnan [@CR25]).

Experiment 1B: frequency shifts of 25% of *F*~0~ {#Sec8}
------------------------------------------------

### Methods {#Sec9}

In experiment 1A, the frequency shift was 50% of the *F* ~0~. In experiment 1B, the frequency shift was reduced to 61 Hz (25% of the *F* ~0~). Besides the two harmonic complexes, the following three shifted tone complexes were employed: (1) harmonics 2--4 shifted down by 61 Hz with component frequencies of 427, 671, and 915 Hz; (2) harmonics 2--4 shifted up by 61 Hz with component frequencies of 549, 793, and 1,037 Hz; and (3) harmonics 3--5 shifted down by 61 Hz with component frequencies of 671, 915, and 1,159 Hz. Four of the five subjects who participated in experiment 1A participated in experiment 1B; the fifth subject was not available.

### Results and discussion {#Sec10}

Figure [3](#Fig3){ref-type="fig"} shows the averaged magnitude spectra of the FFRs for the five conditions. As for experiment 1A, the addition spectra (in blue) show the largest peaks at/close to the envelope rate of 244 Hz and its integer multiples, irrespective of whether the complex is harmonic or frequency-shifted. Following Eq. [1](#Equ1){ref-type=""}, psychophysical pitch matches for the complexes shifted by 61 Hz are expected to be at about 224 Hz for harmonics 2--4 shifted down (panel E), 264 Hz for harmonics 2--4 shifted up (panel C), and 229 Hz for harmonics 3--5 shifted down (panel D). The peaks in the magnitude spectra of the subtraction waveform of the FFR (in red) are at/close to the frequencies of individual partials present in the stimulus (indicated by the red arrows) and to cubic distortion products (2*F* ~1~ − *F* ~2~, 2*F* ~3~ − *F* ~2~, 2*F* ~1~ − *F* ~3~, 2*F* ~3~ − *F* ~1~). For the frequency-shifted stimuli, no spectral peaks corresponding to possible pitch matches were observed (either in the averaged spectra or spectra for individuals).FIG. 3.Magnitude spectra of FFRs for all conditions of experiment 1B, averaged across subjects, for FFR traces with the two polarities added (*blue dashed line*) or subtracted (*red solid line*). **A** Harmonic complex tone with *F* ~0~ of 244 Hz, containing harmonics 2 + 3 + 4. **B** As **A**, but containing harmonics 3 + 4 + 5. **C** Frequency-shifted complex tone where harmonics 2 + 3 + 4 of a 244-Hz *F* ~0~ have been shifted up by 61 Hz. **D** As **C**, but with harmonics 3 + 4 + 5 shifted down by 61 Hz. **E** As **D**, but with harmonics 2 + 3 + 4 shifted down.

The averaged ACFs of the FFRs are shown in Figure [4](#Fig4){ref-type="fig"}. For the addition waveforms (blue dashed line), the ACFs are similar to those for experiment 1A, except for the frequency-shifted stimulus with harmonics 3--5 (compare Fig. [4](#Fig4){ref-type="fig"}D with Fig. [2D](#Fig2){ref-type="fig"}), for which the ACF has somewhat more distinct peaks, perhaps because the partials had lower frequencies than in experiment 1A. This tendency is even more obvious in the subtraction waveform (red solid line) for which the ACF has much more distinct and regular peaks than for experiment 1A, indicating stronger phase-locked periodicity in the FFR for the frequency-shifted complex containing harmonics 3--5. Importantly, for all conditions with frequency shifts, the subtraction waveforms now show peaks with maximum heights (indicated by red arrows) that are shifted in the direction of the expected pitch shifts. The differences between the expected pitch and the periodicity corresponding to the lag at the position of the maximum peak are 9, −8, and 10 Hz for harmonics 2--4 shifted down, harmonics 2--4 shifted up, and harmonics 3--5 shifted down, respectively. This indicates that the pitch shifts predicted on the basis of the ACF of the subtraction waveform of the FFR are somewhat larger than the expected perceptual pitch shifts.FIG. 4.ACFs of FFRs for all conditions of experiment 1B, averaged across subjects, for FFR traces with the two polarities added (*blue dashed line*) or subtracted (*red solid line*). **A**--**E** as **A**--**E** in Figure [3](#Fig3){ref-type="fig"}.

Pitch predictions derived from an auditory nerve model {#Sec11}
------------------------------------------------------

No evidence was found in experiments 1A and 1B for the existence of a spectral component in the subtraction waveform of the FFR at a frequency corresponding to a possible pitch match. However, the ACF of the subtraction waveform clearly indicated neural phase locking at the level of the brainstem with dominant periodicity in the vicinity of possible pitch matches, at least for the smaller frequency shifts. Does this simply reflect information being transmitted from the AN or does it reflect additional processing related to the extraction of pitch? In order to assess this question, pitch predictions based on the ACF of the subtraction waveform of the FFR were compared with those derived from a model of the auditory periphery. The Auditory Modeling System (AMS, version 1.3.0, available at <http://dsam.org.uk/>) developed by Meddis and O'Mard was used. The model implementation followed the example given for autocorrelation in the AMS tutorial (version 2.4). It is broadly similar to that described in Meddis and Hewitt ([@CR32], [@CR33]) and in Meddis and O'Mard ([@CR34]), but has been updated to include a more recent nonlinear basilar membrane model and a more recent hair cell model. The inputs to the model were our experimental stimuli saved in wav files and scaled with a routine provided by AMS (the "Ana_Intensity" routine) such that the overall rms level corresponded to 75 dB SPL, the same as in the experiments. The model includes the following stages: (1) Simulation of the operation of the outer and middle ear, as described in Glasberg and Moore ([@CR14]); (2) A dual-resonance nonlinear filter bank comprising 60 channels evenly spaced according to Greenwood's function (Greenwood [@CR20]) with center frequencies between 40 and 10,000 Hz, and filter parameters based on Lopez-Poveda and Meddis ([@CR30]), simulating the nonlinear response of the human basilar membrane; (3) Simulation of the mechanical to neural transduction at the hair cell using the parameters specified in Table II of Sumner et al. ([@CR51]) for the high spontaneous rate AN fiber---this gave the probability of occurrence of a spike in the auditory nerve fibers for each of the 60 channels as a function of time; (4) A running autocorrelation function with time constants according to Wiegrebe ([@CR52]), calculated separately within each channel, which provides an estimate of the distribution of intervals between all spikes originating from fibers within a given channel, measured 82 ms (20 cycles of the 244-Hz *F* ~0~) after stimulus onset; and (5) A summary ACF (SACF), derived by summing the ACFs across all channels.

As for the pitch predictions based on the ACF of the subtraction trace of the FFR, the predicted pitch was chosen to correspond to 1/*τ*, where *τ* (with *τ* \> 0) corresponds to the time lag at which the largest positive correlation was observed. These pitch predictions are shown in Figure [5](#Fig5){ref-type="fig"} (red downward-pointing triangles), together with the psychophysically established pitch estimates according to Eq. [1](#Equ1){ref-type=""} (black solid lines) and the predictions based on the ACF of the subtraction waveform of the FFR (yellow circles) as indicated by the red arrows in Figures [2](#Fig2){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, discussed above. The pitch predictions based on the SACF of the AN model are generally similar to those based on the ACF of the FFR. The implication of this is that, for the stimuli used here, the periodicity of the temporal information present at the level of the AN seems to be roughly preserved at the level of the brainstem, or IC, the presumed generating site of the FFR. It also means that the FFR reflects as much or as little pitch processing as is present in the AN. This general conclusion is also supported by Cariani and Delgutte's ([@CR5]) report that, in cats, pitches estimated from the pooled interval distributions of the temporal discharge patterns of AN fibers showed shifts corresponding to "the first effect of pitch shift" measured psychophysically in humans; the all-order interspike interval histogram is equivalent to an ACF (Cariani and Delgutte [@CR4]).FIG. 5.Pitch predictions for the frequency-shifted complexes used in experiments 1A and 1B based on: (1) psychophysical pitch-matching experiments described by de Boer's rule (*solid line*, see Eq. [1](#Equ1){ref-type=""}); (2) FFRs measured in experiments 1A and 1B and calculated following Wile and Balaban's ([@CR53]) model (*turquoise upward-pointing triangles*); (3) the highest peak in the ACF of the subtraction waveform of the measured FFR (*yellow circles*); and (4) the highest peak in the SACF of the output of an auditory nerve model (Meddis and Hewitt [@CR32]; Meddis and O'Mard [@CR34]; *red downward-pointing triangles*). See text for details.

Pitch predictions based on the SACF of the AN activity, shown here, deviate markedly from behavioral pitch matches when the frequency shift is 50% of the *F* ~0~. In contrast, Meddis and Hewitt ([@CR32]) argued that there was good agreement between the (original) model predictions and psychophysical data even for frequency shifts of 50% of the *F* ~0~. While it cannot be excluded that the discrepancy arises from our use of different model parameters (e.g., DNRL vs. gammatone filter bank), two points should be noted. Firstly, the SACF of the simulated AN activity did show major peaks close to 244 Hz, but they were not the largest ones. If only peaks close to 244 Hz had been picked as the pitch estimate, predictions would have markedly improved. Secondly, Figure 9 of Meddis and Hewitt shows the SACF for a 100-Hz *F* ~0~ complex that has been frequency-shifted by various amounts, but the maximum period plotted is 16 ms (62 Hz). Thus, it is not obvious whether a larger peak was present in the SACF at a period of 20 ms (50 Hz), which is the true *F* ~0~ of the harmonic complex shifted by 50% of the *F* ~0~.

In summary, pitch predictions for frequency-shifted tones that were based on the ACF of the subtraction waveform of the FFR were similar to those based on the summary ACF of the output of an AN model. This indicates that temporal information, present in the AN and relevant for pitch, is preserved at the level of the FFR and could be used at a more central stage to extract pitch via a mechanism like the ACF.

Pitch predictions derived from FFR spectra using a distortion product {#Sec12}
---------------------------------------------------------------------

Wile and Balaban ([@CR53]) measured the FFR for a 300-Hz *F* ~0~ harmonic complex containing harmonics 2--4 and for the same complex with the three partials each shifted in frequency by ±25 or ±50 Hz. A 300-Hz-wide band-pass noise centered at 300 Hz was presented continuously, with a spectrum level 10 dB below the level of the individual primaries, in order to mask that component of distortion products that propagated on the basilar membrane to its characteristic frequency place. The idea was that any remaining periodicity should have its origin in activity at or close to the place of the primaries on the basilar membrane. Wile and Balaban ([@CR53]) proposed a "place-gated combination of neural timing information from the envelope and fine structure of a sound relayed via the midbrain and brainstem." They suggested a model that derives the predicted pitch as the weighted average of two peaks in the FFR spectrum. The first one is the peak at the envelope repetition rate in the spectrum of the addition waveform of the FFR. The second one is the peak at the distortion product frequency closest to the envelope rate, i.e., at 2*F* ~1~  **−**  *F* ~2~, in the spectrum of the subtraction waveform of the FFR. They argued that their use of a low-pass masking noise would have eliminated distortion products that propagated along the basilar membrane and that remaining distortion products therefore arose from a place that combined responses from two or more primaries. These portions of the basilar membrane are close to those that respond to the envelope, and the 2*F* ~1~  **−**  *F* ~2~ distortion product and envelope-related peaks were weighted with their relative amplitudes. The resulting pitch predictions corresponded well with the pitch matches of their subjects, who in turn "performed similarly to those described in previous experiments, with their pitch percepts conforming to de Boer's rule (de Boer [@CR8]; Patterson [@CR39])."

Pitch predictions for the present stimuli, derived from our FFR measurements in the absence of masking noise and otherwise based on Wile and Balaban's ([@CR53]) model, are shown in Figure [5](#Fig5){ref-type="fig"} (turquoise upward-pointing triangles). They agree reasonably well with the psychophysical pitch estimates, even though no masking noise was used in the present experiments. This could be because, even without noise, the propagated component of the distortion products contributed little relative to that originating at the place of the primaries. Another possibility is that Wile and Balaban's ([@CR53]) noise not only (partly) masked the propagated distortion component at 2*F* ~1~  **−**  *F* ~2~ in the subtraction waveform of the FFR, but also reduced the peak height at the envelope period in the addition waveform. The latter could be due to (partial) masking of the propagated component of a quadratic distortion product at *F* ~2~  **−**  *F* ~1~ (if the phase of this distortion product is not inverted with inversion of the stimulus polarity) and/or to masking/suppression of the lowest primary (or primaries) itself. The current data do not make it possible to distinguish between these possibilities.

In summary, Wile and Balaban's ([@CR53]) model intends to combine temporal phase locking information related to the envelope with temporal phase locking information related to the temporal fine structure. Application of this model to the present FFR data gives reasonably good pitch predictions for the frequency-shifted tones. The success of this model depends on the presence of spectral peaks in the general vicinity of the pitch percept in the magnitude spectrum of the FFR. In the next experiment, we employed stimuli for which this prerequisite is not expected to hold.

Experiment 2: complex tone with harmonics presented dichotically {#Sec13}
================================================================

Rationale {#Sec14}
---------

Listeners can combine harmonics presented to opposite ears to derive a residue pitch (Houtsma and Goldstein [@CR23]; Bernstein and Oxenham [@CR2]). Thus, pitch perception must involve neural processes occurring at stages of the auditory system where information from the two ears has been combined. More recently, Gockel et al. ([@CR17]) demonstrated that a residue pitch can be derived by combining a Huggins pitch (Cramer and Huggins [@CR6]) component (derived solely from binaural interaction) with a spectral component for which no binaural processing is required. Gockel et al. ([@CR17]) argued that this suggests the existence of a single central pitch mechanism for the derivation of residue pitch from binaurally created components and from spectral components, operating at the earliest at the level of the dorsal LL or IC, which receive inputs from the medial superior olive, the level at which temporal information from the two ears is first combined. As the suggested generation site of the FFR is at the level of the IC or LL, the FFR could in theory reflect binaural pitches, such as Huggins pitch, and also the residue pitch of complex tones with harmonics presented to opposite ears *if* these pitches are based on temporal pattern of activity. The latter qualification is of course necessary since the FFR reflects sustained phase-locked activity in an assembly of neurons within the rostral brainstem, and if pitch-relevant information had already been extracted into some other format, e.g., a rate place code, this would not be reflected in the FFR. The Huggins pitch is rather weak in a noise background and thus might be difficult to observe in the FFR (see Plack et al. [@CR43]). In contrast, the pitch of dichotic tone complexes---with harmonics presented to opposite ears---can be more robust and the stimulation does not include a simultaneous wideband noise, and thus should be reflected in the FFR *if* the FFR does indeed reflect processing at the level of pitch extraction and if, at this stage, residue pitch information is (still) based on temporal pattern of activity. Experiment 2 tested whether the FFR does reflect the perceived residue pitch of complex tones when harmonics are presented dichotically.

Methods {#Sec15}
-------

Stimuli were 450-ms three-component harmonic complexes consisting of the second, third, and fourth harmonics of a 244-Hz *F* ~0~. In all conditions, all three harmonics were ramped on together (10-ms raised-cosine function) in both ears. Over the next 40 ms, some components were turned off gradually (40-ms raised-cosine function) in one or the other ear so that in the last 400 ms, the harmonics presented were: (1) 2 + 3 + 4 to the left ear (condition "mono"); (2) 2 + 4 to the left and 3 to the right (condition "dichotic"); (3) 2 + 4 to the left (condition "2 + 4"); and (4) 3 to the right (condition "3"). The common onset of all harmonics and gradual fade-out of some of the harmonics was introduced to increase the perceptual fusion of components across ears. Stimuli in conditions "mono" and "dichotic" had the same pitch, and their pitch was not perceived to change over the duration of the stimulus, as established in an informal listening experiment. All harmonics present at the end of the stimulus were ramped off together (10-ms raised-cosine function). The relative starting phases of components were 0°, 120°, and 240° for the bottom, middle, and top components, respectively. Stimuli were presented in quiet, at a level of 70 dB SPL per component, with alternating polarity. They were played with a repetition rate of 1.1 per second, in blocks of 2,400 (valid) trials. One block was run for each condition. Condition dichotic was always tested first, followed by condition mono. Conditions "2 + 4" and "3" were run in a counterbalanced order across subjects. As effects of attention on the FFR have been reported by some authors (Galbraith and Arroyo [@CR10]; Galbraith and Doan [@CR11]; Galbraith et al. [@CR12]), the dichotic condition was always run first in order to minimize contextual effects; for example, if subjects had listened first to the "2 + 4" condition, then this may have encouraged them to "hear out" the second and fourth harmonics when they were subsequently presented to the same ear in the dichotic condition. The overall duration of a session, including electrode placement, was about 3 h. The same five subjects as in experiment 1A participated here.

The FFR signal was recorded with a sample rate of 8 kHz over 512 ms (50 ms before stimulus onset as a baseline measure and 462 ms after stimulus onset) for each presentation. Off-line processing was the same as for experiments 1A and 1B, except that further analysis of the FFR was restricted to the time range from 100 to 350 ms after stimulus onset. Thus, all results are for a time range starting 50 ms after the fade-out of some of the components has occurred to allow for the stabilization of brain responses to the part of the stimulus that is specific for that condition. All other methods are identical to those used in the previous experiments.

Results and discussion {#Sec16}
----------------------

Figure [6](#Fig6){ref-type="fig"} shows the averaged magnitude spectra of the FFRs for the four conditions; the spectrum of the addition waveform (in blue) and the spectrum of the subtraction waveform (in red) have been shifted very slightly relative to each other on the *x*-axis to prevent peaks of one being hidden behind the peaks of the other. In condition "mono" (panel A), the magnitude spectrum of the addition waveform (blue) shows the largest peak at 244 Hz (the envelope rate) and decreasing amplitude peaks at all its integer multiples. The magnitude spectrum of the subtraction waveform (red) shows clear peaks at frequencies corresponding to the three primaries (488, 732, and 976 Hz) and to the cubic distortion products (2*F* ~1~ − *F* ~2~ at 244 Hz and 2*F* ~3~ − *F* ~2~ at 1,220 Hz). For condition "2 + 4" (panel B), a similar pattern is observed, but here, the *F* ~0~ of the stimulus is 488 Hz, and the first and second harmonics of that *F* ~0~ are actually present. For this condition, in the spectrum of the addition waveform, there are peaks at 488 Hz (the envelope rate) and at its integer multiples. The spectrum of the subtraction waveform (red) has peaks at the frequencies of the two primaries (488 and 976 Hz) and the cubic distortion product at 2*F* ~2~ − *F* ~1~ (1,464 Hz). For condition "3" (panel D), the spectrum of the subtraction waveform shows a peak at 732 Hz (corresponding to the frequency of that harmonic), and the spectrum of the addition waveform shows a small peak at 1,464 Hz. This results from the addition of two opposite polarity waveforms each of which has undergone a nonlinear transformation. For these three conditions, the spectral pattern of the FFR is very much as expected.FIG. 6.Magnitude spectra of FFRs for all conditions of experiment 2, averaged across subjects, for FFR traces with the two polarities added (*blue dashed line*) or subtracted (*red solid line*). The spectrum of the addition waveform and the spectrum of the subtraction waveform have been shifted very slightly relative to each other on the *x*-axis to prevent peaks of one being hidden behind the peaks of the other. **A** Harmonic complex tone with *F* ~0~ of 244 Hz, containing harmonics 2 + 3 + 4, presented monaurally to the left ear. **B** As **A**, but containing harmonics 2 + 4. **C** As **A**, but with harmonics 2 + 4 presented to the left ear and harmonic 3 presented to the right ear. **D** As **A**, but for harmonic 3 only, presented to the right ear.

For the condition of primary interest, condition "dichotic" (panel C), the spectra correspond to the sum of the spectra observed for conditions "2 + 4" and "3"; the spectrum of the subtraction waveform of the FFR shows peaks corresponding to all three primaries and a peak at 1,464 Hz, the cubic distortion product peak visible for condition "2 + 4," while the spectrum of the addition waveform shows peaks at 488 Hz and its integer multiples. There are two points to be stressed here. Firstly, all peaks observed for either of the two monaural control conditions appear in the dichotic condition, and they do so with roughly the same amplitude. This indicates that input from both ears is represented in the FFR for the dichotic condition. Secondly, for the dichotic condition, peaks are only observed at frequencies where there also was a peak for one of the two monaural control conditions. This indicates that neural activity underlying the FFR is summed almost linearly across the two ears, perhaps because two different sets of neurons are activated by each of the two ears at the site of FFR generation. Importantly, for the dichotic condition, there is no spectral component in the FFR at a frequency corresponding to the perceived pitch of the complex, either in the addition waveform or in the subtraction waveform. Thus, as for the frequency-shifted tones, pitch is not represented in the FFR with a spectral peak. The absence of any spectral peak in the vicinity of 244 Hz also means that Wile and Balaban's ([@CR53]) model is unable to account for the pitch of a dichotically presented harmonic complex tone.

Figure [7](#Fig7){ref-type="fig"} shows the ACFs of the FFRs averaged across subjects for the four conditions. For condition "mono" (panel A), the ACF of the addition waveform (blue) shows a very large peak (*r* = 0.82) at/close to the delay corresponding to the envelope rate and at all integer multiples of this delay (indicated by the black arrows in this and all other panels). No other peaks are observed, indicating a clear periodicity of 244 Hz in the FFR waveform when processed to enhance information related to the envelope and to suppress information related to the temporal fine structure. The ACF of the subtraction waveform (red) shows major peaks at the same delays as the addition waveform and additional regular smaller peaks in between. These much smaller peaks are at delays equal to odd integer multiples of the delay corresponding to a period of 488 Hz and are small but positive, except the one around 488 Hz which is below zero. They might be the result of the relatively large 488-Hz component in the magnitude spectrum of the subtraction waveform of the FFR. Overall, the subtraction waveform, like the addition waveform, shows the major periodicity at 244 Hz, corresponding to the pitch of the complex. Figure [7](#Fig7){ref-type="fig"}B shows the ACFs for condition "2 + 4." Peak heights are generally reduced relative to those observed for condition "mono," indicating less clear periodicity in the FFR, either because the precision of phase locking at the level of the FFR is reduced or because smaller numbers of neurons are involved in producing the FFR response. ACFs of the subtraction and addition waveforms look more similar than they do for condition "mono." As for condition "mono," there are peaks at the delay corresponding to 244 Hz and its integer multiples, but now there are equally large peaks at delays equal to odd integer multiples of the delay corresponding to 488 Hz (except the one around 488 Hz which is again below zero). Thus, peaks at all (odd and even) integer multiples of the delay corresponding to 488 Hz are present with about equal height, indicating the major periodicity at 488 Hz, corresponding to the pitch of this tone complex. For condition "3" (Fig. [7D](#Fig7){ref-type="fig"}), no clear periodicity is seen. The small peaks that are present do not follow a regular pattern, and there is no peak corresponding to 732 Hz, the frequency of the pure tone. This is a consequence of the low-pass behavior of the FFR; the spectral peak in the subtraction waveform visible at 732 Hz (see Fig. [6D](#Fig6){ref-type="fig"}) is very small relative to the noise floor at lower frequencies. The low-pass behavior of the FFR may be due to a number of factors, including a decrease in phase-locking precision with increasing frequency and a decrease in the number of neurons phase locking with increasing frequency. For the condition of primary interest, condition "dichotic" (Fig. [7C](#Fig7){ref-type="fig"}), the ACFs overall look very similar to those for condition "2 + 4," except that the peak heights are slightly larger, probably because a somewhat larger ensemble of neurons is contributing to the phase-locked response.FIG. 7.ACFs of FFRs for all conditions of experiment 2, averaged across subjects, for FFR traces with the two polarities added (*blue dashed line*) or subtracted (*red solid line*). **A**--**D** as **A**--**D** in Figure [6](#Fig6){ref-type="fig"}.

To quantify the comparison of the ACF patterns obtained for condition "dichotic" with those obtained for condition "mono" on the one hand, and those obtained for condition "2 + 4" on the other hand, we derived a simple measure of the strength of the 244-Hz periodicity within the overall pattern of the ACF. This measure was the average height (average of the *r* values) of all peaks at the delay corresponding to 244 Hz and integer multiples of this delay, minus the average height of peaks at other delays. In the special case where there was no peak at any other delay (in the ACF of the addition waveform for condition "mono"), minus 1 was subtracted. This was done in order to derive a consistent measure; the value obtained when there is no peak at any other delay should be larger than the value obtained when there are peaks with negative *r* values at other delays. Note, however, that this is not crucial for the general pattern of the results. The values of this measure are plotted in Figure [8](#Fig8){ref-type="fig"}, for the individual subjects and averaged across subjects. For all subjects, the strength of the 244-Hz periodicity for the dichotic condition is weak (the value is small) and is more similar to that for conditions "2 + 4" and "3" than to that for the monaural condition. For the latter, there was a strong 244-Hz periodicity. This is true for both the addition (Fig. [8A](#Fig8){ref-type="fig"}) and the subtraction waveform (Fig. [8B](#Fig8){ref-type="fig"}). The results of a sign test show that the strength of the 244-Hz periodicity is significantly larger (*p* \< 0.05) for condition "mono" than for condition "dichotic" and is not significantly different between conditions "dichotic" and "3" for both the addition and the subtraction waveforms.FIG. 8.Measure of the strength of a 244-Hz periodicity within the overall ACF patterns for the FFRs observed in the four conditions of experiment 2, for individual listeners and averaged across listeners. **A** FFR traces with the two polarities were added. **B** FFR traces with the two polarities were subtracted.

Two main factors may contribute to this clear pattern of results. The first is the extreme low-pass characteristic of the FFR: the ACF of a physical complex tone containing harmonics 2--4 at equal levels shows regularly spaced high peaks at the delay corresponding to the *F* ~0~ and all integer multiples of it, with only small peaks in between. However, the ACF of a complex tone containing the same three harmonics but with relative levels roughly corresponding to the ones seen in the magnitude spectrum of the subtraction waveform of the FFR (in condition monaural, or condition dichotic, or conditions "2 + 4" and "3") shows peaks of nearly equal height at the delay corresponding to the *F* ~0~ (and its integer multiples) and the delay corresponding to twice the *F* ~0~ (and its integer multiples). This, in combination with the high noise floor of the FFR at low frequencies, means that the difference between the ACF patterns of the FFR of condition "2 + 4" on the one hand and the pooled ACF of conditions "2 + 4" and "3" on the other hand is expected to be very small. The second factor contributing to the overall pattern of results is the occurrence of distortion products in the FFR in the monaural condition. Specifically, the presence of the relatively high-level cubic distortion product at 244 Hz, when added to harmonics 2--4 with relative levels as indicated in the magnitude spectrum of the subtraction waveform, results in an ACF distinctly different from the other ACFs, with regularly spaced high peaks at the delay corresponding to 244 Hz and all integer multiples of this delay, with only small peaks in between (as in Fig. [7A](#Fig7){ref-type="fig"}). Thus, it seems that for the FFR---as recorded from the scalp---to be a useful input for a residue pitch extraction scheme that is based on temporal information rather than place information, the presence of lower frequency distortion products is crucial when the fundamental is absent from the stimulus.

Let us consider briefly what it would mean (or not mean) if, in the dichotic condition, we had observed the major peak of the ACF of the subtraction waveform at 1/244 Hz and its integer multiples. If the FFR faithfully represented the stimulus, then the ACFs of the subtraction waveform should, in condition "mono," show peaks at multiples of 1/*F* ~0~. This, of itself, would not necessarily imply any pitch extraction by the auditory system; because the ACF is a mathematical operation that extracts periodicity, a peak at *F* ~0~ is also present in the ACF of the raw stimulus. Similarly, if two separate populations of neurons responded faithfully to the input to each ear in the dichotic condition, and if the FFR represented the sum of these responses, then a periodicity at 1/*F* ~0~ would necessarily appear for this condition too. Hence, one could not tell from the ACF whether or not any additional processing, arising from the combination of tones across ears to derive the "missing fundamental" pitch, had occurred.

In summary, the results of experiment 2 showed that the FFR of a harmonic complex tone with dichotic presentation of its harmonics reflects the input from both ears, but the neural activity underlying the FFR seems to be added independently across ears. There is no spectral component in the FFR corresponding to the perceived pitch, and there is no intermodulation between components presented to opposite ears. As a consequence, neither Wile and Balaban's ([@CR53]) model nor the ACF of the FFR is able to account for the residue pitch of the dichotically presented complex.

General discussion {#Sec17}
==================

Summary of results {#Sec18}
------------------

The FFR of frequency-shifted complex tones did not show a spectral peak at the frequency corresponding to behavioral pitch matches, in contrast to the finding of Greenberg et al. ([@CR19]).The FFR of frequency-shifted complex tones showed spectral peaks related to the envelope repetition rate in the addition waveform and spectral peaks related to the primary components and cubic distortion products in the subtraction waveform.The ACF of the subtraction waveform of the FFR of frequency-shifted complexes indicates periodicity corresponding to the shifted pitch previously observed in psychophysical experiments.The summary ACF of neural phase locking derived from an auditory nerve model applied to frequency-shifted complex tones also indicates periodicity corresponding to the shifted pitch, indicating that low-pass-filtered peripheral temporal information was preserved at the level of the FFR.The FFR of a three-component harmonic complex with harmonics 2 and 4 presented to one ear and harmonic 3 presented to the opposite ear does not reflect its pitch. While the magnitude spectrum of the FFR indicates the presence of information from both ears, there is no spectral peak at the *F* ~0~, and the ACF of the FFR, which is commonly used as an indicator for neural encoding of pitch-related information, does not reflect the residue pitch of the dichotically presented harmonic complex.

Comparison with animal experiments {#Sec19}
----------------------------------

Recently, Shackleton et al. ([@CR46]) recorded the responses of multi-unit clusters in the central nucleus of the IC of guinea pigs (GP) to complex tones consisting of a large number of harmonics. One of the main aims of their study was to search for evidence of binaural integration of dichotically presented components. Therefore, they not only included conditions where all harmonics were presented diotically or monaurally but also conditions where the even-numbered harmonics were presented contralaterally to the ear receiving the odd-numbered harmonics, which were presented either to the right or to the left ear. They reasoned that if the harmonics are resolved by the peripheral auditory system, then, if binaural integration of pitch occurs at or before the IC, they should observe neural responses phase-locked to the *F* ~0~ of the complex in the dichotic conditions. Instead, responses in these conditions were predominantly phase-locked to 2*F* ~0~ and were consistent with the neural clusters being mainly driven by the input to the contralateral ear. However, Shackleton et al. ([@CR46]) were unable to draw any firm conclusions because a combination of factors limited the number of responses to resolved harmonics that they could obtain. AN fibers of GPs are quite broadly tuned, so that, in order to record from an IC cluster that was driven by resolved harmonics, that cluster of neurons would have to have a low CF and the complex would need a high *F* ~0~. Shackleton et al. ([@CR46]) recorded only from a limited number of low-CF clusters, and unfortunately, phase locking was weak to the highest *F* ~0~ (400 Hz) that they studied. As they pointed out, when harmonics are unresolved, a dichotic complex will produce a response in the AN fibers of each ear that reflects the envelope of the stimulus in that ear, and this will correspond to 2*F* ~0~. Under such circumstances, one would not expect the IC to phase lock to *F* ~0~. They concluded that the responses that they measured primarily reflected an envelope response to the contralateral stimulus.

Experiment 2 addressed a similar question to that posed by Shackleton et al. ([@CR46]), but used exclusively low-numbered harmonics that are known to be resolved by the human peripheral auditory system. The results indicated that neural activity underlying the FFR is summed (almost) linearly across the two ears. This could be because two different sets of neurons are activated by each of the two ears at the site of FFR generation, and it is consistent with neurons in the upper brainstem responding predominantly to the contralateral ear, as reported by Shackleton et al. ([@CR46]). The results are not consistent with the output of a pitch extraction mechanism whereby neurons phase lock at a rate corresponding to the perceived pitch of dichotically presented harmonics.

Theoretical and clinical implications {#Sec20}
-------------------------------------

The results of the present study suggest that the FFR preserves a low-pass-filtered version of monaural temporal information that is conveyed from the AN to the upper brainstem rather than reflecting a representation of pitch *per se*; the extraction of periodicity via the ACF is not inherent in the FFR, but is an additional process that may, or may not, take place at a later stage. However, for dichotic complexes as used here, the scalp-recorded FFR does not carry temporal information necessary to extract residue pitch, at least not via a mechanism like the ACF or via a mechanism like the one suggested by Wile and Balaban ([@CR53]). This does not, of course, mean that the FFR is of no value, not least because there is no other method of recording sustained phase-locked activity from the human auditory brainstem. For monaurally or diotically presented complex tones, the scalp-recorded FFR carries temporal information sufficient for the extraction of residue pitch. However, it is not necessarily the case that pitch is derived from this temporal pattern of activity, and it is possible that, at the level of the IC, pitch-relevant information may have, for example, already been extracted into some other format (e.g., a place--rate code; see Shackleton et al. [@CR46]) that would not be reflected in the FFR.

If, as we suggest, the FFR reflects information that might be used to extract pitch, rather than the result of pitch extraction, this raises interesting questions for the interpretation of both training studies and for studies of clinical populations. In the former case, the question arises as to what is being modified by experience and/or training. If the FFR does not reflect pitch extraction, then neither can its modification by training or experience. Instead, it may occur at an earlier stage, either in terms of the response to the stimulus envelope or to the individual frequency components. For studies that compare FFR to particular sounds between "experts" (e.g., speakers of tonal languages, musicians) and non-specialists, there is the additional possibility that the differences may be genetic (leading some people to study music, or for languages to evolve to meet the auditory abilities of its speakers). Studies of impaired populations (e.g., Russo et al. [@CR44]) and of modification of the FFR by training may reflect differences at peripheral sites.
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